Abstract With the constraint from gravitational wave emission of binary merger system (GW170817) and two-solar-mass pulsar observations, we investigate the r-mode instability windows of strange stars with unpaired and color-flavor-locked phase strange quark matter.
R-modes are damped by viscous dissipation mechanisms , and therefore they connect with the microscopic properties of the matter inside the stars, which depend on the low energy degrees of freedom and the equation of state (EOS), to the macroscopic and observable properties of the star.
Many studies have tried to constrain the physics behind the r-mode instability of compact stars, especially the EOS of cold dense matter, by comparing the r-mode instability windows with the spin frequency and surface temperature of these systems (Becker 2009; Haskell et al. 2012; Mahmoodifar & Strohmayer 2013; Gusakov et al. 2014; Pi et al. 2015; Kantor et al. 2016; Chugunov et al. 2017 ).
The LIGO/Virgo detection of the gravitational waves from a binary merger system, GW170817, has put a clean and strong constraint on the tidal deformability of the merging objects (Abbott et al. 2017 ).
Combined with two-solar-mass pulsar observations and tidal deformability constrains, Zhou et al. 2018 make constraints on the parameters of the quark star EOS. In this paper, we will investigate the r-mode instability window of strange stars with unpaired and color-flavor-locked (CFL) phase strange quark matter (SQM). We will utilize a realistic EOS and the new limit on the EOS parameters to discuss its effect on the r-mode instability windows of strange star. In the following, we adopt the abbreviations USS for strange star with unpaired SQM, and CSS for strange star with CFL phase SQM.
Most of the uncertainty related to the r-mode instability has to do with its damping mechanisms. In a minimum physics model that assumes dissipation only due to standard shear and bulk viscosity, the r-mode instability should be operating in a large portion of the LMXB populations and in some young sources (Kokkotas & Schwenzer 2016) . Some works showed that the minimum frequency of the instability region of USS (ν min ≈ 200Hz) is higher than the rotating frequencies of all known young pulsars, and USS can be consistent with both the observed radio and X-ray data (Alford & Schwenzer 2014b) , except for some special sources. CSS without a crust would have a critical frequency at which the r-mode instability sets in measured in Hz or fractions of Hz, in gross disagreement with the data on spin frequencies of both X-ray and radio pulsars (Alford et al. 2008) . Strange stars can support a thin nuclear crust (Glendenning & Weber 1992) , it only leads to minor changes in the maximum mass compared with bare strange stars (Zdunik 2002) . The crust on the USS do not have significantly effect to the dissipation of r-modes (Andersson et al 2002) . As other sources of viscosity are exponentially suppressed in the case of CFL phase, some viscosity results from the crust might become dominated in the case of CFL phase, such as shear due to electronelectron scattering or by surface rubbing in low temperature (Madsen 2000) . These viscosities may have significant effect on the r-mode instability windows of CSS to lead it coincident with observational data of young radio pulsars. Thus, we are going to to investigate the effect of shear viscosity due to electronelectron scattering or by surface rubbing, by comparing the r-mode instability windows of CSS with the observational data of young pulsars, and the USS without a crust will be reviewed, by comparing with the observational data of LMXBs.
The paper is organized as follows: In Section 2, we briefly review the EOS of unpaired and CFL phase SQM, and give out the reasonable parameters which constrained by observations. The main results are presented in Section 3, where r-mode instability windows of USS and CSS are given out with different parameters of the EOS. All of the windows are confronted with the tidal deformability measurement Moreover, we compare the theoretical r-mode instability windows with the spin frequency and temperature of compact stars in LMXBs and young pulsars. Finally, conclusions and discussion are given out in Sec.4
EOS MODELS OF STRANGE STARS
We use the simple but widely used MIT model to describe the unpaired SQM as a mixture of quarks (u, d, s) and electrons (e). And the grand canonical potential per unit volume can be written as (Weissenborn et al. 2011; Bhattacharyya et al. 2016 )
where Ω 0 i is the grand canonical potential of quarks (u,d,s) and electrons (e) which are described as ideal relativistic Fermi gas. The second term is characterized by the perturbative QCD corrections of gluon mediated quark interactions to O(α 2 s ) (Fraga et al. 2001; Bhattacharyya et al. 2016 ), the parameter a 4 = 1 − 2α s /π represents the degree of the quark interaction correction in perturbative QCD (Alford et al. 2008) . µ = (µ u + µ d + µ s )/3.0 is the baryon chemical potential with the total baryon number density n B = (n u + n d + n s )/3. B eff is the effective bag constant which included in a phenomenological way of non-perturbative QCD effects.
In the calculation we take m u = m d = 0 and m e = 0 (Weissenborn et al. 2011; Bhattacharyya et al. 2016; Li et al. 2017; Zhou et al. 2018) . The current mass of strange quark m s has been well constrained with a recent result of 96 +8 −4 MeV (Aaij et al. 2016) . The effect of bringing in finite strange quark mass has been discussed in Zhou et al. 2018 and the results show that the larger m s will soften the EOS and Λ(1.4) only weakly depends on m s . In the following, we set m s as 100MeV.
At large densities, that up, down and strange quarks bind together emerges the condensation term contained 3∆ 2 µ 2 /π 2 to decrease the free energy of quarks, which are assumed to undergo pairing and form the so-called CFL phase . As a result, Ω CFL can be gotten from (Alford et al. 2001; Weissenborn et al. 2011 )
where ∆ is the pairing energy gap for the CFL phase, lacking an accurate calculation within a typical range
Different choices of parameters for the effective bag constant (B eff ), the perturbative QCD correction parameter (a 4 ), and the pairing energy gap (∆) will lead to various EOS models. These parameters are all confronted with the tidal deformability (Λ) measurement from GW170817 and other pulsar observations for systematic constraints on those parameters. As discussed in Zhou et al. 2018 
THE R-MODE INSTABILITY WINDOWS OF STRANGE STARS
The r-mode instability window is defined as:
yield an curve that depends on spin frequency and core temperature. The resulting instability parameter space is commonly depicted as a "window" in the ν − T plane. Above this curve, the instability condition is satisfied and the star can emit gravitational wave. τ gw is the growth time due to emission of gravitational waves Owen et al. 1998 )
where G is the gravitational constant, ρ is the stellar density. The viscous damping timescale τ V is given by
where the summation is over the various dissipate channels(denoted with"i"). In the most common case, that several dissipate mechanisms are operating simultaneously the viscous timescales are combined according to the parallel resistors rule. For the simplest strange star models, two kinds of viscosity are normally considered: bulk viscosity τ bv and shear viscosity τ sv .
Bulk viscosity is written as (Heiselberg 1993; Lindblom et al. 1999; Lindblom & Owen 2002; Nayyar & Owen 2006 )
where R is the stellar radius,ρ = M/(4πR 3 /3) is the averaged density of the non-rotating star (Madsen 1992 ). The bulk viscosity of unpaired SQM mainly depends on the rate of non-leptonic weak interaction:
In the high temperature limit(T > 10 9 K) (Madsen 2000) :
the bulk viscous in low-temperature limit(T < 10 9 K) is (Madsen 2000)
where m 100 is the strange quark mass (m s ) in the unit of 100MeV. For the dominant r-mode ( m = l = 2),
The dissipation timescale of shear viscosity is written as )
the shear viscosity due to quark-quark scattering has been calculated for the case T ≪ µ (T is the temperature and µ is the quark chemical potential) which can be presented as (Heiselberg 1993 )
Due to the pairing in the CFL phase, the shear viscosity induced by quark-quark scattering is suppressed by the factor e ∆/3kBT , and bulk viscosity is suppressed by the factor e 2∆/kBT , indeed other viscosities are only dominant when these effects are exponentially suppressed in the CFL phase (Madsen 2000) . For CSS, the viscosity at low temperature is determined by shear due to electron-electron scattering or by surface rubbing τ ee sv = 2.95 × 10 7 (µ e /µ q ) −14/3 T 5/3 9 s. We take the maximized effect of electron shear µ e /µ q = 0.1 (Madsen 2000) . Surface rubbing due to the electron atmosphere being carried along by the r-modes in the quark phase, scattering mainly on photons in the nuclear crust, corresponds to a viscous time scale τ sr ≃ (1.42 × 10 8 )s T 9 (ν/1kHz) −1/2 for a crust with maximal density (Madsen 2000) .
By solving the equality (3) and different damping mechanisms numerically, we can derive the the r-mode instability windows for USS and CSS. Fig.1 shows the r-mode instability windows for USS with M = eff increasing. And a smaller allowed a 4 will lead to a larger r-mode instability window.
Since some pulsar like objects might be low mass strange stars , we give out the r-mode instability windows for USS with different mass in Fig.2 , especially for the mass < 1.0M ⊙ . The windows become larger while the star mass increasing. Many sources are around right boundaries of instability window and SAX J1808.4-3658 is in the instability region even the star mass is 0.5M ⊙ . The sources are out of the instability region when the mass is 0.1M ⊙ .
The r-mode instability windows for CSS with different gaps and effective bag constants are given out in Fig.3 and Fig.4 . The spin frequency and core temperature of young pulsars are given in Table1, and their core temperature have been inferred by assuming outer envelope completely composed of a crust of iron element (Becker 2009 ). We considered the shear due to surface rubbing and electron-electron scattering respectively in Fig. 3 and 4 , it shown that the suppressed effect of surface rubbing for the instability window is much stronger than that shear by electron-electron scattering. In addition, the viscous time scale for the shear due to the surface rubbing is τ sr ∝ (10 8 −10 10 )T 9 and the viscous time-scale for shear due to electronelectron scattering is τ ee sv ∝ 10 12 T 5/3
9 . This implies that the dominant role in suppressing the r-modes is supposed to be the shear due to surface rubbing. In order to show the damping effect of the existence of crust, we considered the shear due to surface rubbing and electron-electron scattering respectively in the following of this work. In the Fig. 3 and 4 , most of the young pulsars located out the instability region, except for the fast spinning PSR J0537-6910 and Crab. Different gaps as well as different effective bag constants and a 4 leads to slightly influence on the r-mode instability windows of CSS.The windows at high temperature dramatically shrinks when the gap decrease ∆ = 1MeV, which have been shown in the right J0537-6910 is always in the instability region. While the star damped by shear due to surface rubbing, Crab is out of the instability windows.
In Fig.5 , the r-mode instability windows for CSS with different star masses(M = 0.1, 0.5, 1.0, 1.5, 2.0M ⊙ ) have been given out. It is found that the instability windows are monotone increasing with the star mass gradually increasing. With small mass(< 1.0M ⊙ ), the two fast spinning Table 1 : Spin frequency and surface temperature for young pulsars that have measurement (or upper limits) of both. Spin frequency for young pulsars are taken from ATNF catalog (Manchester et al. 2005) . 
CONCLUSIONS AND DISCUSSION
Coupled with a new constraint on EOS, we investigate the r-mode instability windows of USS and CSS.
Moreover, the r-mode instability windows are compared with the spin frequency and core temperature of compact star in LMXBs/MSPs and young pulsars. The effects of EOS for unpaired SQM are only dominated at low temperature (T 10 7 K). For CSS, the damping mechanisms due to the existence of the crust are important for us to consider when drawing any conclusions.
R-mode instability has been identified as viable and promising targets for gravitational wave searches tecting gravitational wave drive by r-mode (Kokkotas & Schwenzer 2016) . USS seem consistent with the LMXBs data except for SAX J1808.4-3658. This source is located in the instability region unless the mass is smaller than 0.5M ⊙ , and therefore could experience r-mode-driven spin-down. However, the measured spin-down rate is consistent with that caused by a canonical LMXB magnetic field (∼ 10 8 G), hence suggesting that the r-mode instability is not the dominant effect and SAX J1808.4-3658 may be a massive star (Salmi et al. 2018) . This apparent tension between the minimum damping r-mode model of USS and the spin-temperature-mass data of SAX J1808.4-3658 may be conflicted with each other. That means additional damping mechanisms might work in this system that could modify the instability window.
The shear viscosity due to quark scattering and bulk viscosity are suppressed in the CFL phase, which lead to disagreement with the observational data of LMXBs (Alford et al. 2008) . Actually, CSS may have a tiny nulcear crust (Madsen 2000) . As shown in this work, EOS do not have significant effect on the instability windows of CSS. The most effective dissipation mechanisms are the shear due to surface rubbing or the electron-electron scattering. PSR J0537-6910 is always located in the instability window whether shear due to surface rubbing or electron-electron scattering is considered. From this point of view, fast spinning young pulsar PSR J0537-6910 is extremely latent source for detecting the gravitational wave from rotating strange stars. In addition to this, we could learn something about the structure and mass of PSR J0537-6910 or Crab by comparing the r-mode instability with observational data.
Moreover, the radio observation recently presented that PSR J0537-6910 appears to be close to the LIGO sensitivity for mass M = 1.4M ⊙ and radius roughly taken as 10 − 14km and its gravitational wave radiation is possibly detected by advanced LIGO(aLIGO) (Andersson et al. 2018 ), the results above suggest −0.15 M ⊙ ), USS would be rule out since the tidal deformability measurement of GW170817 implies M ≤ 2.18M ⊙ (Linares et al. 2018; Zhou et al. 2018) . If these were the case, young pulsars might be CFL phase strange star.
